adeno-associated viral transfer of genes to the peripheral nervous system.
S uccessful gene transfer depends on efficient methods of expressing genes of interest into appropriate cell populations. A particularly efficient and safe way of delivering genes to postmitotic cells uses adenoviral vectors and vectors based on recombinant adeno-associated viruses (rAAVs) (1) (2) (3) .
Gene transfer to the peripheral nervous system (PNS) poses an exceptional challenge because the PNS contains a wide range of cell types, many of which are postmitotic. Delivery of genes selectively to the PNS could have several important applications for gene therapy of neurological diseases. In addition to anatomical studies, direct viral vector-mediated gene transfer allows for exact studies of physiological processes like antero-and retrograde transport and sorting of viruses and͞or proteins along axons and dendrites (4) (5) (6) (7) . Delivery of genes encoding proteins such as neurotrophic factors selectively to the PNS may provide novel therapeutic approaches for spinal muscular atrophy, amyotrophic lateral sclerosis, or hereditary motor sensory neuropathies (8, 9) .
The effectiveness of gene therapy using viral vectors depends among other factors on the efficient delivery of the desired genes to the cell population of interest. In past investigations, delivery was mainly accomplished by i.m. injection, which is followed by uptake and retrograde axonal transport of virions (6, 9) . In the present study we have reasoned that direct transfer to PNS neurons might be more efficient than methods relying on indirect transduction to neurons. We found direct injection of dorsal root ganglia (DRG) to be the most efficient technique.
Materials and Methods
Adenoviral Vectors. E1͞E3-deleted adenoviral vectors, AdCMV-lacZ and AdRSVlacZ, were generated by homologous recombination in E1-transcomplementing 911 cells (10) between a plasmid containing the expression cassette, 5.5 kb of viral DNA, and a ClaI-restricted DNA fragment isolated from AdMLPlacZ. Viral plaques were screened for expression of ␤-galactosidase (␤-gal) by PCR and amplified in 911 cells. Batches were purified by CsCl gradient centrifugation, dialyzed against storage buffer (10% glycerol in PBS at pH 7.2), and kept at Ϫ80°C. Viral titers were determined by plaque assay and expressed as plaqueforming units. Transfer plasmids, pAdCMVlacZ and pAdRSV-lacZ, contained ␤-gal linked to the cytomegalovirus (CMV) promoter (11) or the Rous sarcoma virus (RSV) enhanc-er͞promoter (pRcRSV, Invitrogen). To replace the CMV promoter, pAdRSVlacZ was generated in a three-way ligation. The SpeI-SalI 13-kb backbone of pAdCMVlacZ was joined to two fragments generated by PCR with Pfu polymerase (Stratagene), the SpeI-SfiI 450-bp product containing the Ad-inverted terminal repeats was prepared by using pAdCMVlacZ as template and primer P109 (5Ј-GCTCTAGAACTAGTTGATC) and P110 (5Ј-GCAGATTCTTCATGCAATGGCCAGCTTGGCCATAAT-AATAAAACGCCAAC). The SfiI-SalI 500-bp product containing the RSV promoter was prepared by using pRc͞RSV as template and primer P111 (5Ј-CGTTACTAGTGGAGTCGA-CCTCGGATCCAAGCTTGGAGG) and P112 (5Ј-ATTATG-GCCAAGCTGGCCATTGCATGAAGAATCTGC).
Adeno-Associated Viral Vectors. PsubCMV-␤ was obtained by inserting the EcoRI͞HindIII CMV-lacZ-poly(A) expression cassette from pCMV-␤ (CLONTECH) in XbaI sites of psub201 (12) . To produce psubCMV-WPRE, lacZ was replaced by a multiple cloning site into which the 0.59-kb ClaI͞ClaIWPRE fragment from p138WPRE was cloned (13) . The CMV promoter was replaced by a 1.48-kb Xbal͞SalI fragment from the human platelet-derived growth factor (PDGF) ␤-chain promoter to generate psub-PDGF-WPRE. The rAAV vector plasmid psub-PDGF-WPRE-EGFP was obtained by cloning the NheI-NotI enhanced green fluorescent protein (EGFP) fragment from pEGFP-N1 (CLONTECH) between the PDGF promoter and the WPRE element of psub-PDGF-WPRE. For generation of the adeno helper plasmid pBS-E2A-VA-E4, the 1.38-kb SalI͞ApaI VA fragment, the 5.77-kb BamHI͞EcoRI E2A fragment and the 4.0-kb Apal 3Ј terminal E4 fragment from adenovirus type 5 genomic DNA were cloned in pBluescript SKϩ Abbreviations: PNS, peripheral nervous system; DRG, dorsal root ganglia; rAAV, recombinant adeno-associated virus; ␤-gal, ␤-galactosidase; CMV, cytomegalovirus; RSV, Rous sarcoma virus; PDGF, platelet-derived growth factor; EGFP, enhanced green fluorescent protein.
(Stratagene). The rAAV packaging plasmid pAAV͞Adrep(ACG) was generated by PCR mutagenesis of the Rep78 start codon from ATG to ACG in the pAAV͞Ad plasmid (12) .
rAAV-PDGF-EGFP virus particles were produced in an adenovirus-free system (14) by cotransfection of 293T cells with psubPDGF-WPRE-EGFP, the rAAV packaging plasmid pAAV͞Ad-rep(ACG), which contains the rep and cap genes and the adenovirus helper plasmid pBS-E2A-VA-E4, by using the calcium phosphate method. Cells were collected and lysed by three freeze-thaw cycles, and debris was eliminated by centrifugation. Some contaminant proteins were removed by precipitation with 25% ammonium sulfate. rAAV-PDGF-EGFP was further purified over two consecutive CsCl gradients, dialyzed against PBS containing 1 mM MgCl 2 , and stored at Ϫ80°C in the presence of 10% glycerol. Viral particle numbers, as determined by slot blot hybridization, were 1.5 ϫ 10 10 ͞ml.
Procedures for Viral Administration to Animals. For all experiments with rAAV vectors we used C57BL͞6 mice, whereas all experiments with replication-deficient adenovirus were performed with Rag-1 Ϫ/Ϫ mice (15) . Three microliters of PBS or storage buffer containing 2.5 ϫ 10 7 plaque-forming units of AdCMV-lacZ was injected into the musculus tibialis cranialis over 5 min. One mouse of the adenovirally transduced group received additionally 3 l PBS into the contralateral musculus tibialis cranialis. For intranerval injection, mice were anaesthetized with xylazin͞ketamin, and the right sciatic nerve was surgically exposed by dislodging the musculus gluteus superficialis and the musculus biceps femoris. The nerve was gently placed onto a metal plate (20 ϫ 5 ϫ 0.5 mm), and 2.5 ϫ 10 7 plaque-forming units of AdCMVlacZ or of AdRSVlacZ (3 l) were injected with a 34-gauge Hamilton syringe over 5 min (16) . The nerve was anatomically repositioned, and the skin was closed with USP 4.0 nylon sutures. Two mice of the adenovirally transduced group received additionally 3 l of PBS in the contralateral sciatic nerve. One additional control mouse received 3 l of PBS in the right sciatic nerve. For DRG injection, mice were anaesthetized with xyla-zin͞ketamin. DRG (levels L4͞L5) were surgically exposed by dissecting the musculus multifidus and the musculus longissimus lumborum and by removing the processus accessorius and parts of the processus transversus. AdCMVlacZ or AdRSVlacZ (2.5 ϫ 10 7 plaque-forming units) or 6 ϫ 10 7 particles of rAAV-PDGF-EGFP suspended in 4 l (2 l per ganglion) were injected. Two mice of the adenovirally transduced group received additionally 4 l of PBS in the contralateral L4͞L5 DRG. One (adenoviral group) or three (rAAV group) control mice received 4 l of PBS in the right L4͞L5 DRG. All injections were done by using a stereotaxic frame and a Hamilton syringe with a 34-gauge needle over 5 min. Muscles then were adapted by using USP 5.0 catgut. Skin closure was achieved with 4.0 nylon suture.
Morphological and DNA Analysis. All mice were anaesthetized with xylazin͞ketamin and perfused with PBS containing 2% paraformaldehyde and 0.5% glutaraldehyde at defined time points. For ␤-gal analysis, brains, spinal cords, and both sciatic nerves were removed and postfixed in the same solution (4 h). Tissue was rinsed with PBS, reacted in 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 , 0,01% (wt͞vol) sodium deoxycholate, 0,02% NP-40, and 1 mg͞ml Bluo-gal (Sigma) in PBS for 4-6 h. For EGFP detection, mice were perfused with the same fixative as above, and sciatic nerves and spinal cord were processed for whole mounts and cryosectioning. Samples were embedded in paraffin, cut in 4-m sections, and counterstained with nuclear fast red or Sudan black. Selected slides were double-stained for neurofilaments (mAb against neurofilament protein 70 kDa and 200 kDa, 1:20, Bio-Science, Emmenbrücke, Switzerland). Visualization was achieved with biotinylated secondary antibody (Dako, 1:20), biotin͞avidin-peroxidase (Dako), and diaminobenzidine.
After postfixation with 0.5% glutaraldehyde, selected samples were fixed with osmic tetroxide and embedded in epoxy resin. Sections (3 m) were stained with toluidine blue. Expression of EGFP was detected by fluorescence and confocal laser scanning microscopy on whole-mount preparations of the sciatic nerve.
Whole-mount sections were double or separately stained for neurofilament and EGFP. For detection of EGFP, a mAb (Chemicon, 1:500) was used, and neurofilaments were detected with a polyclonal rabbit anti-mouse antibody (Chemicon, 1:200). Visualization was achieved by using alexa 546-labeled goat anti-mouse (Molecular Probes, 1:2,000) or FITC-labeled goat anti-rabbit antibody (Sigma, 1:750).
For PCR, DNA was extracted from DRG and midsciatic nerves of mice upon microdissection of frozen sections. Two primers (5Ј-CAGTGGCCAATGGTGAGCAAGGGCGAGG-AGC-3Ј and 5Ј-TGTAGGTACCCTCTGCCATGCCGAGAG-TGATCC-3Ј) were used to amplify the entire ORF of EGFP.
Results
No ␤-Gal Activity in the PNS After i.m. Injection of Adenoviral Vectors Containing the lacZ Gene into the Musculus Tibialis Cranialis.
AdCMVlacZ was injected i.m. in three mice. Another mouse received PBS. For detection of ␤-gal activity, sciatic nerves and spinal cords were examined as whole mounts under a dissection microscope. In addition, histological sections from the sciatic nerve or the spinal cord were examined at various magnifications. However, in contrast to previous reports, no ␤-gal activity was detectable in any of the examined samples at any time point (9) (7, 14, or 21 days) ( Table 1) .
Localized ␤-Gal Activity After Intranerval Injection in the Sciatic Nerve of Adenoviral Vectors Containing the lacZ Gene. Of 10 mice injected into the sciatic nerve, eight showed expression of ␤-gal predominantly confined to the immediate neighborhood of the site of injection. Histologically, expression was seen mainly in Schwann cells and perineural tissue. Axonal expression also was seen, but to a much lesser extent ( Figs. 1 and 2) . The amount and distribution of ␤-gal activity was identical in animals that had received the adenoviral vector encoding CMV-lacZ and those injected with the RSV-lacZ vector. In the contralateral noninjected side and in mice receiving PBS there was no detectable ␤-gal activity.
At 2 days and 1 week, ␤-gal activity was prominent mainly in Schwann cells in the area of the injection site. At later time points (2 and 3 weeks) activity was detected in the distal sciatic nerve and the plexus lumbalis including the DRG up to 30 mm from the injection site ( Figs. 3 and 4 ). Two of four mice displayed expression of ␤-gal in the fasciculus gracilis at later time points (2 and 3 weeks). Expression was stable and strong in all mice taken at later time points. One mouse taken at 102 days still showed a strong expression of ␤-gal ( Fig. 1B) .
Stable and Widespread ␤-Gal Activity in the Sensory Pathway After Injection of Adenoviral Vectors Containing the lacZ Gene in the DRG
L4͞L5. Of 10 mice injected in the DRG, all showed strong expression of ␤-gal activity. On histological sections, expression was seen predominantly in neurons, whereas satellite cells and perineural tissue showed lower levels of ␤-gal activity (Figs. 1 and 2). Ganglion cells in the injected DRG showed strong expression of ␤-gal in their cytosol (Fig. 1) . The use of a CMV promoter provided no significant advantages over the RSV promoter in the DRG injections. In two mice receiving PBS in contralateral DRG and in two mice receiving PBS only in the right DRG no ␤-gal activity could be detected.
Even at early time points (5 days and 1 week) ␤-gal activity was strong both in the vicinity of the injection sites and in areas situated up to 12 mm from the injection site ( Figs. 1 and 3) . At later time points (2 weeks and 24 days) ␤-gal activity could be seen in all mice in areas very distant from the injection site, such as the distal parts of the sciatic nerve and the cranial third of the fasciculus gracilis in the spinal cord ( Figs. 3 and 4) . In AdCM-VlacZ-injected mice, 2 weeks after injection ␤-gal activity was detected in the posterior thoracic portion of the spinal cord. Three weeks after injection ␤-gal activity was detected in the cervical portion of the spinal cord and in the medulla oblongata. In AdRSVlacZ-injected mice, ␤-gal activity was detected in the thoracic portion of the spinal cord at 24 days and in the cervical spinal cord and medulla oblongata at 34 days ( Figs. 3 and 4) . Expression was stable and strong in all mice up to 50 days.
Stable and Widespread Expression of EGFP in the Sensory Pathway After Injection of rAAV Containing the EGFP Gene in the DRG L4͞L5.
Of six mice that received rAAV-PDGF-EGFP in the DRG, four showed expression of EGFP in the PNS. Confocal fluorescent analysis of rAAV-PDGF-EGFP-injected mice showed selective expression of the gene in axons and cell bodies of DRG (Fig. 5 ). Simultaneous immunofluorescent staining for neurofilaments, (which are expressed in axons) and EGFP showed colocalization of the EGFP and neurofilament expression ( Fig. 5 ). Three control mice receiving PBS did not show any EGFP-like fluorescence. In the rAAV genomic context, the neuron-specific PDGF promoter led to highly selective expression of EGFP in DRG and their dendrites. In two mice taken at 16 days we could not observe any expression of EGFP. In contrast, expression of EGFP in mice taken at 45 days was strong, and no reduction of expression was detectable at the latest time point of 52 days (Fig.  5 ). PCR analysis confirmed persistence of rAAV in DRG at 45 days; viral DNA was detectable in DRG but not in sciatic nerves (Fig. 5F) .
Neurotoxic Effects. The occurrence of possible neurotoxic effects secondary to expression of transduced proteins, or to direct neurotoxicity of the adenoviral structural proteins, was studied by observing mice for signs of paresis and by scoring histologically sciatic nerves for the presence of demyelination, digestion chambers, and axonal loss. One mouse was eliminated because it showed paresis persisting at day 5 after injection. This mouse is not included in Table 1 . Of 23 mice injected with adenoviral vectors, six showed transient paresis lasting 3-4 days. In the group of mice that received i.m. injections no transient or permanent pareses were observed. There was no difference in incidence or severity of paresis between mice injected in the sciatic nerve or DRG (data not shown). Histologically, there was no apparent demyelination in mice injected in the sciatic nerve nor in the DRG (Fig. 2) . However in one DRG-injected mouse minimal Wallerian degeneration was visible in semithin sections 50 days after viral administration (Fig. 2F) .
All of the rAAV-injected mice fully recovered within 2 days of the operation. With the exception of transient paresis observed in two of six mice there were no clinical signs of neurotoxic effects. Selected mice were histologically scored for the presence of demyelination or digestion chambers: We could not observe neurotoxic effects in any of these mice.
Discussion
Adenoviral and rAAV-based vectors are routinely used for transferring genes to postmitotic cells (17) (18) (19) (20) . Transfer of genes to the PNS was described by injection of the adenovirus into the sciatic nerve or muscles (2, 9) . However administration of adenoviral vectors by intranerval injection leads to predominant expression in the injected area, which typically exceeds the expression levels achieved along the actual neural pathway. According to published studies, this problem may be obviated by i.m. injection of the virus (8, 9) , yet in our study i.m. injection did not lead to any detectable expression of the reporter gene in either the PNS or the spinal cord. In our hands, injection into the sciatic nerve led to ␤-gal activity in the vicinity of the injection site and to a much lesser extent in regions distant from the injection site. Moreover the cell populations successfully transduced consisted predominantly of Schwann cells and mesenchymal cells in the perineurium (21) .
Here we introduce a strategy for delivering genes to the PNS, which leads to specific and strong expression along sensory neural pathways. By injecting viral vectors directly into the DRG we achieved strong expression of the gene in remote segments of the corresponding neuronal processes, such as the distal sciatic nerve and the entire length of the fasciculus gracilis. Therefore, this strategy allows for expression of the gene of interest along the entire length of a sensory dorsal root neuron, the longest neural pathway in vertebrates. Neurons were predominantly transduced, whereas Schwann and perineurial cells were transduced to a lesser extent.
To assess the impact of different transcriptional regulatory elements on the efficiency of transduction and gene expression, we evaluated adenoviral vectors in which the gene of interest was driven by the CMV immediate early promoter or the RSV enhancer͞promoter: both promoters have been shown to transduce cells of the nervous system (17, 18) . The use of the CMV promoter was particularly attractive because CMV has been implicated as a causative agent of dorsal root ganglionitis (22) , suggesting a strong tropism for DRG neurons. However, we did not find any differences in efficiency of cell transduction or duration of gene expression between the CMV and RSV promoters. The neuron-specific PDGF promoter within an rAAV vector led to highly selective and long-lasting transduction of ganglion cells. For transduction of central nervous system neurons the PDGF promoter within the context of the rAAV vector had been shown to be superior to other tested promoters (23) .
We were concerned about possible neurotoxic effects induced by viral or transgenic expression (24) . However, there was no significant difference in the incidence of neurological side effects between the groups of mice administered intranervally and those injected into the DRG despite the much higher efficiency of the latter procedure. Fibers with very high expression of ␤-gal showed signs of axonal degeneration with occasional digestion chambers resembling Wallerian degeneration. In contrast, neurotoxic effects were absent from mice injected with rAAV apart from transient paresis, in accordance with the lack of central nervous system neurotoxicity of rAAV (3) .
Although adenoviral vectors represent a promising tool for transferring foreign genes to many tissue compartments, expression of transduced genes in immunocompetent animals is typically transient. We therefore used Rag-1 Ϫ/Ϫ mice that lack all differentiated B and T cells. In these mice we achieved stable, strong expression for up to 102 days. Because there was no decline in expression we conclude that expression is likely to last for periods of time well exceeding our last time point. The above findings confirm and add to the large body of evidence pointing to the rate-limiting role of the immune response to genes expressed by adenoviral vectors on the duration of expression (15, 19, (24) (25) (26) (27) . We have not attempted to systematically investigate duration of expression in immunocompetent mice; however, in many experimental models the use of immunodeficient animals may be acceptable.
To overcome the problem of immune response we used an rAAV vector in immunocompetent mice. Histological analysis did not reveal any inflammatory response to the viral vector or EGFP. The delayed expression of the gene of interest is most likely caused by the conversion of the AAV single-stranded DNA to double-stranded DNA, which was shown to be the rate-limiting step for efficient expression (28) .
The methods detailed in the present study will allow investigations of neuroregeneration and studies on the neurotropism of infectious agents. For instance, we are using the system described here to express the prion protein in the peripheral nervous system of prion protein knockout mice (29) to study the role of normal cellular prion protein in the spread of infectious prions from peripheral sites to the central nervous system (30) . In addition, the strong expression in neural processes renders this system particularly attractive for neuroanatomical tracing studies (31) .
As an ultimate goal, delivery of genes specifically to the PNS of humans could be useful in treating diseases affecting the PNS, such as toxic or metabolic axonal neuropathies. With this goal in mind, the delivery of genes via injection into DRG seems to be an efficient addition to the collection of tools for gene therapy.
